COT (compression with oscillatory torsion) is a simple process that has the ability to deform bulk metallic samples. Performed investigations show that this method of deformation leads to grain refinement of Cu-Cr and Cu-Fe alloys. The grain size obtained via the dislocation subdivision mechanism associated with generation of non-equilibrum grain boundaries is in the UFG range. Large fraction of grain boundaries have low angles of misorientation. The limitation of the grain refinement and creation of low angles boundaries can be attributed to the extensive dynamic recovery. However, recrystallization process and deformation twinning plays a crucial role in grain refinement resulting in grain refinement to the nanoscale. The present overview shows that many structural elements accompanying formation UGF structure influence on understanding of the microstructure-properties relationship in these materials.
INTRODUCTION
In the last decades one of the most intensively investigated field of the materials science is severe plastic deformation (SPD) of metals and their alloys. SPD processing leads to significant grain-refinement with a grain size about several hundreds of nanometers [1÷3] . Ultrafine-grained (UFG) structures obtained by SPD techniques revealed many attractive characteristics, such as high mechanical strength, but also adequate plasticity [2, 4÷6] . The evolution and the character of the ultrafine-grained structures appears as a very important factor which influences on the mechanical and functional properties of SPD materials. The character of the UFG structures depends on: i) homologous temperature, ii) solid solution alloying, iii) second phase particles, iv) value of the stacking fault energy (SFE), and additionally v) strain path effect on structure formation [7÷9] .
The most known severe plastic deformation processing methods such as: high pressure torsion (HPT) [10] , equal channel angular pressing (ECAP) [11] , multi-directional forging (MF) [12] or hydroextrusion (HE) [13, 14] belong to techniques with constant strain path (frequently named as monotonic deformation techniques). During monotonic deformation the directional features of the microstructure have been observed in [13, 15, 16] . The grains are especially highly elongated in the direction of metal flow. Moreover, monotonic deformation resulted in a high fraction of high angle boundaries (HABs) and can effectively retard the annihilation of lattice defects [7, 17, 18] .
The methods with cyclic changes in the strain path such as: cyclic extrusion compression (CEC) [19] or KoBo [20, 21] , involve the large number of variables [22÷25] . Maybe for this reason these processes are currently not widely widespread. Cyclic methods of deformation lead to a lower rate of grain refinement compared to methods without a change in strain path [26] . In cyclic methods of deformation, the diffusion of vacancies became quicker, resulting in the annihilation of edge dislocations by climb. In the result, the achievable saturation dislocation density is usually lower in cyclic methods of deformation than in monotonic [17, 27] .
Two original cyclic methods of SPD patented in Silesian University of Technology, Faculty of Materials Engineering and Metallurgy in Poland have been discussed in this paper. The first method named as rolling with cyclic movement of rolls (RCMR, Fig. 1 ). The second method is compression with oscillatory torsion (COT, Fig. 2 ). More information's about these methods is presented in [28, 29] . A considerable variety of materials -pure metals and alloys with different crystal structure have been successfully processed by these methods [30, 31] . Microstructure evolution of ultrafinegrained materials for different crystal structures processed by these method have been investigated as a function of strain and deformation parameters imposed to the material and correlated with mechanical properties of these materials [32, 34] .
In this article especially the structural effects of grain refinement of CuFe2 (C19400) and CuCr0.6 (C18200) alloys in room temperature using mentioned methods have been presented. The Cu alloys are used in numerous applications where excellent combination of mechanical strength and electrical conductivity is required [35÷38] . The Cu-Cr and Cu-Fe alloys are kind of precipitation-hardened alloys, therefore the problem of initial structure (after applying solution and aging treatment) on UFG formation was discussed in this paper.
In other words, this article is a trial to illustrate structural processes accompanying formation UFG structure of Cu alloys during cyclic severe plastic deformation. Problems presented in this article might be useful to construct full picture of microstructure creation during SPD processing.
DISLOCATIONS
Impose into coarse-grained bulk materials high strain during SPD processing induces high density of dislocations (under SPD processing, it is possible to achieve dislocation densities of 10 14 m -2 or higher, up to 10 16 ÷10 17 m -2 [39] ), and their rearrangement into many boundaries. The SPD processing at relatively low temperatures produces a hierarchy of dislocation structures with high dislocation density in boundaries [40, 41] . It is known that in SPD deformed materials, dislocation density initially increases with an increase of deformation [42, 43] . With further increase of deformation the saturation in dislocation density is reached, and this condition is considered as the equilibrium between dynamic recovery and formation of dislocations [44, 45] .
In cyclic methods of deformation, it is difficult to maintain high dislocation density in microstructure [7, 46] . At large strains the development of UFG and nanocrystalline structures is accompanied by a decrease in dislocation density. This same phenomenon is observed during COT and RCMR deformation especially during deformation of pure metals [31] . However, alloying elements introduced into base metal increase successfully dislocation density [47, 48] .
In Cu-Cr and Cu-Fe alloys solid solution treatment or aging processes are able to create conditions, which allow to trap of dislocations during deformation, thanks to presence in the deformed microstructure dissolved elements in the matrix or coherent precipitates respectively [33, 49] . For example, the dislocation density determined by the diffractometric method for the CuCr0.6 alloy after RCMR deformation is 1.52•10 15 m -2 and 3.14•10 14 m -2 for samples with coherent precipitates and precipitates of 100 nm in diameter, respectively. However, in the solution-strengthened alloy the dislocation density is 6.47•10 14 m -2 . In SPD processed samples (aging condition) the increase of the second phase density leads to a decrease in the distances between the dislocation boundaries and the creation of new dislocation boundaries is possible [50] . Thanks to this, with a great efficiency numerous deformation bands, dislocation cells (with a high dislocation density), and ultrafine grains with low or high angle boundaries are created.
According with STEM observations in [49] , active for the blocking of the dislocations are only fine coherent precipitates with the diameter about 10 nm. The fine particles about 100 nm are blocking only a small fraction of the dislocations. However, these particles are effective in inhibition mobility of dislocation boundary [51] . In fact, morphology, and arrangement of second phase precipitates determine the amount of dislocations presented in the refined structure. Obtained results for CuFe2 and CuCr0.6 alloys evidently demonstrate that the strong acceleration in dislocation formation influences the inhibition of the long-range dislocation migration and inhibits the mobility of dislocation boundaries.
Based on the microstructure observations and mechanical properties measurements, it should be noted that during grain refining of CuFe2 and CuCr0.6 alloys by using COT and RCMR methods, the dislocation density will play an important role in determining the relationship between the structure and mechanical properties [33, 49] .
NON-EQUILIBRIUM GRAINS
UFG materials can be considered as interface-controlled materials because contain a very high density of grain boundaries [52] . Typical for different materials after SPD processing are grain boundaries containing extrinsic dislocations. These boundaries are named as non-equilibrium grain boundaries. Their role in the mechanical behaviour was reported in a number of studies [53÷55]. The non-equilibrium grain boundaries are characterized by excess grain boundary energy, the presence of long-range elastic stresses (large residual microstrain), high density of dislocations associated with the near-boundary region, and increased width. The width of non-equilibrium grain boundaries is about several nanometers, and is larger than the width of high-angle grain boundaries in conventional materials [52] . New grains/subgrains boundaries after COT and RCMR deformation are in a non-equilibrium state (Fig. 3, 4 ) with dislocations inside. In CuCr0.6 and CuFe2 alloys a dominant mechanism of grain refinement is controlled by the gradual transformation of low angle boundaries (LABs) to high angle boundaries (HABs). The transformation of the dislocation boundaries (LABs) into grain boundaries (HABs) is followed by an intermediate stage of the generation of non-equilibrium grains with HABs (Fig. 3, 4) . Non-equilibrium grain boundaries were frequently observed in microstructure with coherent precipitates. The reason of this, is fact that coherent precipitates which prevent the movement of dislocations are the privileged factor favouring the appearance of non-equilibrium grain boundaries. Therefore coherent precipitates are beneficial for the creation of non-equilibrium grain boundaries which transform into HABs.
In addition to the non-equilibrium grains, other structural elements that depend on the material being processed and on the deformation conditions are introduced during SPD processing.
SUBGRAIS OBTAINED BY RECOVERY PROCESS
The important problem in grain refinement, that is certainly related to the deformation mode, is activity of the dynamic recovery process. The recovery process may be activated by the transient temperature rises and/or mechanically by the large plastic strain [56, 57] . Both situations may occur in cyclic methods of deformation.
Systematic studies of the effect of COT deformation on the structure of Cu confirmed the high activity of the recovery process during deformation [31] . Insufficient efficiency of grain refinement is evident for solid solution alloying state. The effects of solid solution hardening due to the Cr atoms dissolved in the Cu matrix involves dislocation accumulation. However, dynamic recovery process reduces the dislocation density disfavoring grain refinement. Higher concentration of Fe atoms in Cu-2% Fe alloy contributes in greater increase of dislocation density during deformation than in Cu-0.6% Cr alloy. It was shown in [31, 32] that, during cyclic deformation with the increase of ε ft , a decrease in the dislocation density is observed. In the result the most of the grains are delineated with poorly defined boundaries with low misorientation angles (LABs). Therefore, in recovered areas, the transformation of LABs into HABs occurs at a lower rate. Evidently, the occurrence of the recovery mechanism during COT is faster than that during the ECAP [44] as nano-sized structures. This means that twinning can play a role in the grain refinement. Deformation twinning can be utilized to enhance the ductility of nanocrystalline materials [61, 63] . Since twins act as dislocation barriers, they also contribute to the high strength and HAB formation.
SHEAR BANDS
The formation of shear bands is due to SPD concentration and process is considered as a plastic instability process, which occurs in the areas where the softening effect exceeds the hardening effect [64, 65] . The heat concentrated from plastic work does not have enough time to transfer to the surrounding, resulting in heat concentration associated with formation of shear bands. Very often inside shear bands, high dislocation density and dislocation tangle are observed. In shear bands of material with high SFE (such as Al or Cu), fine equiaxed grains are observed [66] . Authors of studies [65, HE processing [13] . This may be due to the intensive strain imposed by the COT and the cyclic scheme of deformation. Sun [26] argued that the presence of a significant LAB content in SPD samples may be attributed to the continuous formation of transient LABs during the deformation because some deformation methods (cyclic methods) are fully reversed in each cycle. On the other hand, the recovery process is beneficial for the formation of low-energy boundaries. Intensive recovery process effectively decreases the dislocation densities in the matrix. Additionally, the recovery process is highly beneficial for the creation of HABs by rebuilding the dislocation structure (LABs) into grains, because this process is especially associated with dislocation annihilation due to the increased ability of the lattice dislocation for rearrangements with deformation. Thanks to recovery process, very easily the dislocations are rearranged, undergo annihilation and are absorbed into the grain boundaries (Fig. 5) .
Additionally, except dynamic recovery processes, recrystallization processes contribute to grain refinement [58, 59] .
GRAINS OBTAINED BY RECRYSTALLIZATION PROCESS
Recrystallization process starts heterogeneously in the regions where the grain boundaries/lamellar boundary structures have a high grain boundary energy [60] . This means that ideal for nucleation of new recrystallization grains are microstructure elements with high misorientation angle. It should be noted, that the misorientation angle at the grain boundaries usually increases with increased deformation, and therefore, it is reasonable to expect that recrystallization will be observed after large deformations [58, 59] .
Microstructural observations suggest the occurrence of a recrystallization mechanism during the COT processing for samples with high fraction of coherent precipitates formed during aging treatment. In these samples, nuclei of recrystallization are localized in the microareas where recovery either does not occur or is slow due to low assisting stresses. Generally, recrystallization starts in the areas with high dislocation density and close to HABs boundaries (Fig. 6) . Evidently, higher dislocation densities in the non-recovered areas lead to a higher driving force for recrystallization. The microstructure obtained for high values of ε ft consist of fine dislocation-free grains with high fraction of HABs which appear due to dynamic recrystallization. With the increase of ε ft the nuclei of the recrystallized grains with the dimensions of about 100÷200 nm may arise (Fig. 6) .
It should be noted that the recrystallization process developed during the deformation is the main origin of the increased ductility. According to the literature, the improvement in the ductility can be achieved due to an increasing number of HABs and the presence of fine dislocation-free grains with different orientations [49, 58] . The effect of the small recrystallized grains treated as a fine dislocationfree grains is more evident in the improvement of the ductility than that of the subgrains without the dislocation density observed in the solid-state treated samples.
DEFORMATION TWINS
Face-centre-cubic metals as Cu and Cu alloys are easier to twin with decreasing grain size [61] . According with literature [6] nanotwins are especially observed after SPD processing at lower temperature. However, deformation twins were also found in deformed Cu and Cu alloys after equal channel angular pressing [63] at room temperature. Additionally, deformation twins were also detected at the grain/subgrain boundaries in the cyclically deformed Cu alloys. Nanotwins are formed in this state, where the refinement process is realized through a high dislocation activity [61, 62] . Figure 7 shows a STEM image of CuCr0.6 alloy with twins of 10÷20 nm in size after COT deformation at room temperature. The width of the twins does not exceed 100 nm, so that these structures can be considered 66] argued that for metals with high SFE, the dynamic recovery time was very short. Therefore, the transition from the dislocation tangle or dislocation cells to the high-angle grain boundaries does not require more energy. Some researches [66] also found the recrystallized grains within the shear bands. Microbands have been observed at large strain values during monotonic plastic deformation, in a wide range of metallic materials [64] . During cyclic deformation the microbands arise after changing strain path at lower strain values [67] . Microbands appear after changing strain path as a results of interaction between a new active slip system and an "alien" dislocation microstructure resulting from the previous deformation [65] . Generally very fine, highly disoriented grain structures obtained in different bulk metals and alloys, are created and recognized as a results of short and long-range intersecting shear bands produced by plastic deformation.
The changes in the strain path during COT and RCMR processing cause an instability in the plastic flow and enable to create numerous microshear bands. Shear bands obtained during COT and RCMR deformation are distinct dislocation-free, fine, elongated and highly disoriented (Fig. 8a, b) (Fig.  8a) . Narrower shear bands distributed in the matrix have the significant orientation differences between them (Fig. 9 ). This is a results of sample rotations during cyclic deformation. The presence of numerous microshear bands was the characteristic feature of the deformation structure in the aging state, where coherent precipitates were observed. It is very likely that high local stress concentrations due to the high dislocation density exceeded the critical stress of shear band formation.
GRAIN SIZE AND HALL-PETCH RELATION
Grain size produced by SPD depends on processing parameters and type of material. For example, higher processing temperature results in a lower accumulated dislocation density and an increase in grain size above 1 µm [64] . It is obvious that there is no strict correlation between the dislocation density and the grain size. However, the higher dislocation density is associated with the smaller grains. The mechanical properties in the RCMR and COT processed materials are especially strongly determined by the arrangement of the dislocations into subgrain/grain boundaries and the dislocations density inside grains/subgrains. Therefore two major strengthening mechanisms are significant during the cyclic deformation, namely the strain hardening due to the dislocation accumulation inside the grains and especially the strengthening due to the grain refinement and formation of HABs (Fig. 10) [4, 6, 44, 49] .
The increase in the strength related to the grain refinement is shown by the Hall-Petch relation. Example the Hall-Petch relation corresponding to experimental results for CuFe2 alloys is presented in Figure 11 . The data shows a linear dependence of the yield strength (YS) on the grain size even though significant scatter is observed around the trend line. The scatter in the obtained data suggests that other factors also influence on the mechanical properties. As discussed elsewhere [14, 68] , the character of the grain boundaries may be an important factor that determines the validity of the Hall-Petch relation. It is known that LABs are weaker obstacles for dislocation movement [68] and therefore are less effective in promoting grain boundary strengthening. This is confirmed in the present work because the data points corresponding to the samples COT-processed after the over aging treatment lie below the trend line. As shown in Figure 11 , these samples have a high fraction of LABs. The HABs are strong obstacles for dislocation motion [68] and therefore the data for the samples processed by aging (the result of this treatment are coherent particles) lie clearly above the Hall-Petch fit. High dislocation density observed in samples after solid solution make the most important contribution to the strength of a UFG material, therefore the data for these samples lie above the Hall-Petch fit.
SUMMARY
COT is a simple process that has the ability to deform bulk metallic samples. Performed investigations shows that this method of deformation leads to grain refinement of Cu-Cr and Cu-Fe alloys. The grain size obtained via the dislocation subdivision mechanism associated with generation of non-equilibrum grain boundaries is in the UFG range. Large fraction of grain boundaries have low angles of misorientation. The limitation of the grain refinement and creation of low angles boundaries can be attributed to the extensive dynamic recovery. However, recrystallization process and deformation twinning plays a crucial role in grain refinement resulting in grain refinement to the nanoscale. The present overview shows that many structural elements accompanying formation UGF structure influence on understanding of the microstructure-properties relationship in these materials.
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